Tick-borne encephalitis (TBE) virus was crosslinked by dimethylsuberimidate (DMS) and,the cleavable dimethyl 3,3'-dithiobispropionimidate (DTBP). Analysis by SDS-PAGE revealed polymers of the virus core protein Vz and the glycoprotein V8 in continuously decreasing amounts. The formation of higher order complexes was not favoured over the formation of lower order complexes. This is consistent with an even distribution of V a molecules on the surface of the virion and of V2 in the core. The formation of polymers was completely abolished by SDS, whereas crosslinking of TBE virus disrupted with a large excess of mild detergents (Triton X-Ioo, octylglucoside, Na-deoxycholate) still yielded Va dimers but only negligible amounts of higher polymers. This indicates that in the presence of these detergents the basic subunit of the TBE virus envelope is composed of two Va molocules, probably associated with V1. Using two-dimensional PAGE analysis of DTBP crosslinked complete virions or cores, no heterocomplexes between different virus proteins could be found which were small enough to penetrate a 5 % gel. Crosslinking between Vz molecules only and V2 molecules only was therefore highly favoured over other reactions.
INTRODUCTION
Tick-borne encephalitis (TBE) virus belongs to the flavivirus group of togaviruses which are characterized by a spherical RNA-containing nucleocapsid and a lipoprotein envelope. Only three structural polypeptides, designated V1, V2 and V3 have been demonstrated in purified viruses using SDS-PAGE (for review see Schlesinger, I977; Pfefferkorn & Shapiro, I974) . The corresponding mol. wt. as estimated by SDS-PAGE are 8000, I4OOO, and 56000 respectively. By the use of non-ionic detergents, the virus envelope, containing V 3 and V1, can be removed from a lipid-free core composed only of RNA and V 2 (Stollar, I969; Trent & Qureshi, I97I; Heinz & Kunz, I979a) . Sodium deoxycholate has been reported to solubilize only Va leaving V1 attached to the core (Westaway & Reedman, I969; Trent & Qureshi, I97 I) . V3 is the only virus glycoprotein and is of paramount importance for haemagglutination and induction of neutralizing antibodies (Kitano et al. I974; Stohlmann et al. 1976; Della Porta & Westaway, 1977; Heinz & Kunz, 1979 a) . Electron microscope examination of purified flaviviruses has revealed a fringe of small surface projections (Slavik et al. I967; Smith et al. I97O; Matsumura et al. 197I ; Demsey et al. I974; Kitano et al. I974) which were, however, much less prominent than the spikes of myxo, paramyxo-or rhabdoviruses.
It is at present unknown whether the surface projections of flaviviruses are composed of one or more protein subunits or whether one of the envelope proteins penetrates the lipid oo22-~317/8o/oooo-383z $02.00© I98oSGM bilayer. A transmembrane interaction between envelope proteins and cores has been shown for Semliki Forest Virus (SFV) and provided the basis for the maturation model of SFV as described by Garoff & Simons (I974) . We investigated these questions by the use of bifunctional crosslinkers, dimethylsuberimidate and the cleavable dimethyl 3,3'-dithiobispropionimidate. These membrane-penetrating reagents can covalently crosslink proteins via lysine amino groups with a distance of not more than ~.i mm and have been successfully applied to the study of structural details and spatial relationships in protein complexes and viruses (Davies & Stark, I97o; Garoff, I974; Dubovi & Wagner, 1977; Wiley et aL I977) .
METHODS
Growth and purification of TBE virus. A prototype strain of TBE virus (termed Neud6rfl) was isolated from a tick in Austria by intracerebral inoculation of newborn SPF mice and cloned on SPF chick embryo cells. A third passage of this strain in mouse brain was used as seed virus throughout this study. Virus propagation in monolayers of primary chick embryo cells was done as described elsewhere (Heinz & Kunz, I979a) . For purification, virus from supernatant fluids was pelleted, resuspended and subjected to rate zonal followed by equilibrium density gradient centrifugation, both in sucrose. The virus band was dialysed against 0"o5 M-triethanolamine, o.I M-NaC1, pH 8.0 (TEA) which was also used for resuspension of the pellet and preparation of the gradients.
Crosslinking with dimethylsuberimidate ( D M S) and dimethyl 3,3 '-dithiobispropionimidate (DTBP).
Purified virus (too/zg/ml) in TEA, pH 8-0, was mixed with DMS or DTBP (5 × concentrates) in 0.2 M-triethanolamine, pH 9.o, to yield the final concentrations stated in the text and the legends for figures. After I h incubation at room temperature the virus was either pelleted or TCA-precipitated and resuspended in sample buffer for SDS-PAGE. To separate independently crosslinked cores from envelope proteins, samples were incubated for I h with 1% Triton X-too before reaction with DMS or DTBP and the cores pelleted through a cushion of 40 % (w/w) sucrose at I2oooo g for 2 h.
Crosslinking after detergent treatment. Solutions of IO% (w/v) SDS (Serva, Heidelberg, Germany), Triton X-Ioo (Serva), octyglucoside (Calbiochem, Lucerne, Switzerland), Nadeoxycholate (DOC) (Calbiochem), or cetyltrimethylammonium bromide (CTAB; Serva) were added to purified TBE virus (IOO/zg/ml) in TEA, pH 8.0, to yield a final concentration of 1%. After I h incubation at room temperature, 5 × concentrates of DMS (30 mg/ml in 0.2 M-triethanolamine, pH 9"o) were added and incubated for another hour at room temperature. The final crosslinker concentration was 6 mg/ml. Samples were then precipitated with Io % TCA, washed twice with acetone and resuspended in SDS sample buffer.
SDS-polyacrylamide gel electrophoresis (PAGE).
Continuous SDS-PAGE in 5 % or 3 % cylindrical gels was performed essentially as described by Maizel 097~)-DTBP-cross]inked samples were heated at 70 °C for I5 min in the presence of 2% SDS but without reducing agent. After DMS crosslinking, 2 % 2-mercaptoethanol (ME) was added and samples were heated at too °C for 3 rain. Staining with Coomassie brilliant blue R-25o was done according to Maizel (I97I) .
Two-dimensional SDS-PAGE.
This was performed after crosslinking with DTBP. First dimension analysis was carried out in cylindrical 5 % SDS-phosphate gels according to Maizel (I97i) . Then the gels were removed from the tubes, soaked for 2 h in o'I25 M-tris-HCI, pH 6-8, containing o-1% SDS and 5 % 2-ME and immobilized with 1% agarose in the same buffer containing 0.002 % bromophenol blue on top of a second dimension slab gel. This slab gel was composed of a I5 % resolving gel and a 6 % stacking gel in the buffer system as described by Laemmli & Favre (~973 slab until the marker dye reached the bottom. The gels were stained with Coomassie brilliant blue R-z5o according to Maizel (197I) .
Crosslinking of the TBE virus and its subunits (a) (b) (c) (d) (e)
V
R E S U L T S
Crosslinking of TBE virus with DMS Analysis of untreated virus by SDS-PAGE revealed the three structural proteins Va, V~, and V1 (Fig. I a) . After crosslinking with different concentrations of DMS additional bands were resolved (Fig. I b to e) . A series of crosslinked protein species was present between V~ uj W 3 V2 Top Bottom Fig. 2 . SDS-PAGE in 3 % gel of TBE virus after crosslinking with 3 mg/ml DMS. Scanning of the Coornassie stained gel was at 579 nm.
and Va and from Va to the top of the gel. No peaks were seen which could not be ascribed to homopolymers of either V~ or Vs. Although tool. wt. estimations of crosslinked proteins in SDS-PAGE are highly unreliable because of an anomalous migration behaviour of these complexes (Mudd & Swanson, I978; Steele & Nielsen, I978 ) the observed peaks corresponded roughly to mono-, di-, tri-and tetramers of V~ and Va respectively. This was further confirmed by the analysis of the crosslinking pattern of isolated cores and envelopes after Triton X-Ioo treatment. Crosslinking of cores resulted in peaks at essentially the same positions as those for homopolymers of V2 seen in crosslinked complete virions. When DMS treated virus was analysed on 3 % SDS-gels, at least Io continuously decreasing peaks of V3-homopolymers were found (Fig. 2) . No preferential formation of dimers and tetramers as with SFV glycoproteins (Garoff, I974) or of trimers as with the influenza haemagglutinin (Wiley et al. i977 ) could be found. It seems, therefore, that the probability of crosslinking between single glycoproteins was equal for each molecule. This could be consistent with a model in which the virus glycoproteins are evenly distributed on the surface of the virion.
Crosslinking after detergent treatment
The influence of treatment with different detergents on the crosslinking pattern of TBE virus was investigated. When virus was treated with SDS, subjected to crosslinking and analysed by SDS-PAGE only the three protein monomers were revealed (Fig. 3 c) , indicating complete dissociation. As expected, the mild non-ionic detergents Triton X-Ioo and octylglucoside ( Fig. 3 d and e) affected only crosslinking of the envelope glycoprotein but not the core protein, most of which is retained as high molecular complex on top of the gels. The anionic detergent DOC revealed a similar pattern (Fig. 3f) . This treatment, however, also seems to affect the integrity of the nucleocapsid, since protein bands of V~ increase in inten- sity and less high molecular complexes are found on top of the gel. All these detergents, however, allowed the formation o f V3 dimers in approximately the same amounts as in untreated virus. They therefore do not completely dissociate the envelope into its monomers but probably yield complexes containing two glycoprotein molecules. That V1 plays a role in such complexes cannot be ruled out from the present data. Similar to SDS the cationic CTAB dissociates the virus almost completely and therefore no crosslinked complexes can be seen in the gel (Fig. 3g) . 
Crosslinking ofthe T B E v i r u s a n d i t s subunits
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Two-dimensional analysis of DTBP crosslinked virus
One-dimensional PAGE analysis after crosslinking did not reveal peaks that could be ascribed to heterocomplexes of different virus proteins. As mol. wt. estimations of crosslinked proteins are unreliable and small amounts of crosslinked species may have been overlooked, we used two-dimensional analysis of TBE virus crosslinked with various concentrations of DTBP. The disulphide bond of DTBP precludes the use of reducing agents in the first dimension run, which could cause interpretation difficulties if virus proteins were linked by S-S bridges. This seems not to be the case with TBE virus, since the polypeptide pattern under non-reducing conditions was identical to that after reduction b y / -M E . The same crosslinked complexes as with DMS were obtained with DTBP although at slightly lower crosslinker concentration.
The second dimension analysis of samples crosslinked with increasing concentrations of DTBP is shown in Fig. 4 . Due to the reducing conditions used the crosslinker is split and identical proteins lie on a horizontal line. The peaks seen in the first dimension gels could be clearly identified as homopolymers of Va and V2, respectively. No spots were seen which could be ascribed to complexes of different proteins penetrating the first dimension gel. With all crosslinker concentrations tested, V1 was present in its monomeric form. No polymers of V1 could be seen, but at 0"5 and ~ mg/ml DTBP V~ was found, together with Va and V2 in high mol. wt. complexes which could not penetrate the first dimension gel. The protein dots lying on the same vertical line above V2 dots represent residual Vz dimers due to incomplete reduction by 2-mercaptoethanol and are also present after crosslinking of isolated nucleocapsids (Fig. 5) -
Two-dimensional analysis of DTBP crosslinked cores
The presence of V 2 in the high mol. wt. complexes not penetrating 5 % gels (Fig. 4c, d with other proteins. We therefore isolated cores after crosslinking of Triton X-ioo-treated virus and subjected them to two-dimensional PAGE. A pattern of V 2 polymers very similar to that obtained after crosslinking of complete virions was seen (Fig. 5) . Again, high mol. wt. complexes of V2 were obtained at o'5 and I mg/ml DTBP which did not penetrate the first dimension gel. The present data therefore do not prove direct crosslinking of the core protein to the virus glycoprotein, although this cannot be excluded. In all cases, crosslinking between V3 molecules on the one hand and V~ molecules on the other is highly favoured over reactions between different proteins.
Crosslinking o f the T B E virus and its subunits

D I S C U S S I O N
When TBE virus was crosslinked by increasing concentrations of DMS or the cleavable DTBP, a characteristic pattern of protein bands was obtained by SDS-PAGE analysis. Polymers of V3 on the one hand, or V2 on the other hand, were readily formed in continuously decreasing amounts. Crosslinking therefore did not result in the formation of higher order complexes predominating over lower-order complexes as could be expected for proteins which exist in oligomeric structures (Davies & Stark, 197o; Carpenter & Harrington, I97Z) . Crosslinking of SFV, for instance, predominantly yielded multimers of a dimeric subunit consisting of the envelope protein E1 and E2; E3 does not seem to be crosslinked (Garoff, I974; Ziemiecki & Garoff, 1978 ) and by a similar approach the haemagglutinin of influenza virus could be identified as a trimer (Wiley et al. I977 )-The pattern we observed would therefore be consistent with an arrangement of evenly distributed V~ molecules on the surface of TBE virions. However, when virus was crosslinked after treatment with mild detergents (Triton X-Ioo, octylglucoside, DOC), dimers of the virus glycoprotein were still formed in approximately the same amounts as in untreated virus and only the formation of higher polymers was reduced to negligible levels. Treatment with SDS and CTAB F.x. HEINZ AND CH. KUNZ completely abolished crosslinking and only protein monomers could be found by SDS-PAGE. Mild non-ionic detergents (Triton X-Ioo or octylglucoside) and also the anionic DOC usually preserve the native structure of protein complexes without loss of biological activity (Helenius & Simons, 1975) . One might therefore speculate that the basic subunit of the TBE virus envelope is a Va-dimer, probably associated with the second membrane protein Va which is found together with V 3 in haemagglutinating subunits obtained after density gradient centrifugation of Triton X-ioo-dissociated virus (Heinz & Kunz, I979a) . Such glycoprotein complexes may indeed exist on the surface of TBE virions, however, the crosslinking pattern obtained from complete virions indicates that the probabilities of crosslinking by DMS or DTBP between and within such structural subunits were equal.
Garoff & Simons (I974) have proposed a model for the maturation of SFV involving specific recognition of transmembrane segments of envelope glycoproteins by underlying nucleocapsids. In a previous paper (Heinz & Kunz, 1979b) . we have shown that crosslinking by DTBP made the virus envelope resistant to solubilization by Triton X-Ioo And that cores could be co-precipitated with antiserum against envelope-proteins in the presence of Triton X-I oo. Although there is some evidence for direct crosslinking of at least one of the envelope proteins to the cores, most of the data could also be interpreted by the formation of a cage of crosslinked envelope proteins which contains the core in a catenate-like bondage without the need for direct covalent binding. One dimensional SDS-PAGE analysis of crosslinked virus only revealed protein bands which could be ascribed to homopolymers of either Va or V2, respectively. As small amounts of heterocomplexes probably could have been overlooked in the first dimensional gel, DTBP crosslinked species were analysed in a second dimension gel after reduction of the disulphide bond by 2-ME. Using similar methodology, Dubovi & Wagner (I977) found heterodimers of the VSV proteins G-M and N-M and Mudd & Swanson (I 978) additionally also identified an N-G heterodimer. However, we were unable to find such heterocomplexes in DTBP crosslinked TBE virions. All peaks from the first dimension gel were shown to be composed of only V 3 or only V s. The protein V1 was found either as monomer or at o'5 and I .o mg/ml DTBP together with Vs and V~ in high mol. wt. complexes not penetrating the first dimension gel. The presence of V~ in these complexes could also not be ascribed to direct interaction between V3 and V~, since the same distribution was found when cores isolated by Triton X-too treatment were crosslinked and analysed by the same procedure. Crosslinking between identical molecules seemed to be highly favoured over reactions between different proteins and no direct crosslinking between V3 and V~ could be shown. The presence of the small envelope protein, either in its monomeric form or in high mol. wt. complexes not penetrating 5 % gels, can only be interpreted by direct crosslinking to either V2 or V 3 or both in these large complexes. The role of V1 in the structure of TBE virus or other flaviviruses remains open to speculation.
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